R etinitis pigmentosa (RP) (OMIM 26800) is a genetically heterogeneous disease characterized by poor night vision and loss of peripheral visual field owing to a decline in rod-dependent vision. Later in the disease course, cones and thus the central visual field and visual acuity may also be affected. Retinitis pigmentosa is caused by mutations in genes coding for proteins involved in photoreceptor function, structure, and/or maintenance. When the gene product is expressed exclusively in the retina or when its lack is compensated for in other tissues, the disease remains restricted to the retina. However, significant expression of the gene product in other organs may result in syndromic RP with morphological and/or functional consequences affecting other organs.
Cyclic nucleotide-gated (CNG) channels are key components for signal transduction in photoreceptors and olfactory sensory neurons (OSNs). 1 They function as tetramers composed of α and β subunits. Specific types of heterotetramers are expressed in different sensory cells. For example, the rod CNG channel consists of 3 CNGA1 subunits and 1 CNGB1 subunit, 2 the cone CNG channel consists of 3 CNGA3 subunits and 1 CNGB3 subunit, 3,4 and the CNG channel of OSNs (olfCNG) consists of 2 CNGA2 subunits, 1 CNGA4 subunit, and 1 CNGB1b subunit. 5 Therefore, only the CNGB1 subunit is involved in both photoreceptor and olfactory signal transduction. In contrast to most CNGA subunits that are regarded as main subunits IMPORTANCE Co-occurrence of retinitis pigmentosa (RP) and olfactory dysfunction may have a common genetic cause.
OBJECTIVE To report olfactory function and the retinal phenotype in patients with biallelic mutations in CNGB1, a gene coding for a signal transduction channel subunit expressed in rod photoreceptors and olfactory sensory neurons.
(except for CNGA4), CNGB1 does not form functional homomeric channels on its own if heterologously expressed but modulates, when coexpressed with a main subunit, the biophysical properties (eg, ligand sensitivity) of the heteromeric channel. This is essential for retinal rod phototransduction and results in optimization of the odor-induced signal transduction and feedback inhibition in olfactory neurons. 6 In accord with these findings, Cngb1 knockout mice develop retinal degeneration and have reduced olfactory function. 7, 8 Despite the dual function of CNGB1 in rods and OSNs, CNGB1 mutations in humans have hitherto only been associated with autosomal recessive RP (OMIM 600724; 613767), [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and, to our knowledge, an association with olfactory dysfunction has not been reported previously. In humans, only mutations in CNGA2 (OMIM 300338) have recently been associated with isolated congenital anosmia in 2 siblings. 28, 29 We hypothesized that patients with CNGB1-associated RP might also have an impaired sense of smell and tested their olfactory function, which revealed that CNGB1 mutations can also cause syndromic RP with olfactory impairment.
Methods
This case series was conducted from August 2015 through July 2017. Patients were identified from the databases of the following 4 tertiary referral centers for inherited retinal dystrophies: Centre for Ophthalmology at the University of Tübingen, Tübingen Germany (patients 1, 2, 7, and 8); Department of Ophthalmology at the University of Bonn, Bonn, Germany (patients 4 and 5); Oxford Eye Hospital, Oxford, United Kingdom (patients 3 and 6); and Department of Ophthalmology and Visual Sciences at Kyoto University Graduate School of Medicine, Kyoto, Japan (patient 9). The study was conducted in accord with the Declaration of Helsinki. 30 Institutional review board approval and patient written informed consent were obtained. Patient 8 had hearing impairment since childhood. None of the other patients had any additional functional defects or a medical history suggestive of a syndromic retinal disease. All patients underwent a complete ophthalmologic examination, including best-corrected visual acuity, slitlamp, and indirect ophthalmoscopy with dilated pupils. All patients underwent fundus autofluorescence (AF) and spectral-domain optical coherence tomography (SD-OCT) retinal imaging with combined confocal scanning laser ophthalmoscopy and SD-OCT (Spectralis HRA-OCT; Heidelberg Engineering). Color images were recorded in most patients using different fundus cameras depending on local protocols. In 2 patients (patients 3 and 6), pseudocolor images were acquired using a widefield scanning laser ophthalmoscope (Optomap; Optos). Electroretinography in accord with the standards of the International Society of Electrophysiology of Vision and visual field testing were performed with different devices and protocols depending on the availability and local protocols at the 4 centers.
Olfactory testing was performed using the Sniffin' Sticks (Burghart Messtechnik) 31 
Results

Retinal Phenotype
Nine patients were included in the study, 3 of whom were female. Ages ranged between 34 and 79 years. All patients reported lifelong night blindness. However, the clinical diagnosis of RP was established in the fourth decade or later in 6 of the 9 patients ( Table 1) , indicating a relatively benign disease course. Ophthalmoscopy, AF, and SD-OCT imaging showed changes typical for RP in different stages across patients ( Figure 1 ). This included intraretinal bone spicule pigmentation, narrowed retinal vessels, and pale optic discs on ophthalmoscopy. Fundus AF imaging revealed a paracentral ring of increased AF in patients 2 through 5, and SD-OCT imaging
Key Points
Question Do patients with CNGB1-associated retinitis pigmentosa have a reduced sense of smell and a characteristic presentation of retinal disease?
Findings In this case series of 9 patients, early retinal dysfunction was characterized by a slowly progressive rod-cone dystrophy. In all but 1 patient, olfactory function was reduced or absent.
Meaning These findings suggest that mutations in CNGB1 may cause syndromic retinitis pigmentosa of moderate severity and olfactory dysfunction. showed a loss or marked reduction of the photoreceptor layer eccentric to this ring. In the older patients 6 through 9, all 60 years or older, variable perifoveal atrophy of the retinal pigment epithelium and photoreceptor layer was highlighted on AF and SD-OCT imaging. Patient 1, with the mildest disease manifestation, had only peripheral retinal atrophy and pigmentation but no central fundus involvement.
Retinawide functional testing using full-field electroretinography was performed in all patients except for one (patient 6). Rod-specific responses were not detectable in any of the tested patients. Residual cone-derived responses were recordable to a variable extent in 3 of the youngest patients (Table 1) .
Additional ocular disease included severe glaucoma and high myopia in 1 patient (patient 8), likely explaining her extremely poor vision. Three patients were already pseudophakic in at least one eye (Table 1) .
Overall, increasing disease severity occurred with increasing age. However, only relatively mild disease was noted in patient 1. By contrast, more advanced disease was noted at an earlier age in patient 7. 
Olfactory Phenotype
Six of the 9 patients were not aware of any reduced olfactory function. One patient (patient 9) reported an absent sense of smell ever since he could remember. Two patients (patients 4 and 5) reported the ability to smell only strong odors since their early childhood. This reduced olfactory function in the 3 patients who were aware of it had never been considered in conjunction with their retinal disease. Olfactory testing using Sniffin' Sticks was performed in 8 of the 9 patients. When related to absolute norms of a group aged between 16 and 35 years, 33 anosmia was diagnosed in 2 patients, hyposmia was diagnosed in 5 patients, and normosmia (borderline low) was diagnosed in 1 patient (Table 1 ). When estimated according to age-related norms, 33 7 of 8 patients scored at the 25th percentile or lower, and only 1 patient scored at the 50th percentile (Figure 2A) , indicating overall low olfactory sensitivity. In addition, patient 9, who had been tested with the T&T olfactometer, scored in the anosmic range.
32,40
The following details are provided for patient 5, in whom analysis of olfactory function included electro-olfactography: the 52-year-old woman had been known to be nightblind since she was 2 years old. However, she only had noticed visual field defects when she reached age 30 years, at which time she was diagnosed as having RP. The patient knew that her sense of smell was subnormal (ie, certain odors were below her detection threshold). For example, she perceived body odor only when someone sweated extensively and smelled food only when it was spoiled or when the smell was intense (eg, fresh bakery smells). The patient also mentioned that odors were never connected with memories. Her retinal phenotype showed typical bone spicule pigmentation, attenuated retinal vessels, and pale waxy discs. The central island was well preserved for a patient with RP at her age; in keeping with this, the central visual field was constricted to approximately 10°. Olfactory testing revealed hyposmia, as indicated by means of psychophysical and (available only for this patient) electrophysiological measurements (Table 1 and Figure 2B ). The patient provided a cranial magnetic resonance imaging (MRI) scan that had been previously recorded for another indication. The olfactory bulbs were not visible, indicating lack of olfactory tissue ( Figure 2C ).
Mutational Analysis
We identified 10 different variants in CNGB1 that were likely to explain the disease phenotype in 9 patients from 8 independent families ( Table 2) . Five variants are novel, and 5 variants have been previously described.
15,16,22,27 Three variants are nonsynonymous amino acid substitution (missense) variants. The variants c.2210G>A;p.R737H and c.2284C>T;p.R762C affect highly conserved residues, while c.2957A>T;p.N986I affects a residue only conserved in mammals and birds. However, all 3 are predicted as disease causing by the prediction programs used (Table 2) . Seven variants most likely represent protein-truncating mutation types (2 nonsense, 3 indels, and 2 variants affecting the canonical splice site and expected to result in missplicing). The splice-site variants affect the canonical splice sites and are predicted to result in loss of these. Compound heterozygosity could be confirmed by family segregation analysis only in the siblings (patients 4 and 5) because of lack of samples from family members for the other patients. However, 4 patients (patients 3, 6, 8, and 9) were apparently homozygous for their disease-causing variant, indicating that the identified mutation is present either on both alleles or in combination with a large deletion. Therefore, confirmation for biallelic CNGB1 mutations (ie, that the 2 identified heterozygous mutations are in trans) is only lacking for 3 patients (patients 1, 2, and 7). All variants were classified according to American College of Medical Genetics and Genomics guidelines, 41 evaluat- ing all nonsense, indel, and canonical splice variants as pathogenic and evaluating the 3 missense variants as variants of uncertain significance (Table 2 ). Most variants are located within the channel domain of CNGB1 affecting highly conserved amino acid residues, and 2 variants are located in the glutamic acid-rich protein (GARP) domain (Table 2 and Figure 3) . No other potentially disease-causing variants were identified in other genes known to be associated with RP.
Discussion
Our ability to sense light, odor, and sound relies on specialized neuronal cells that have evolved to transduce physical or chemical stimuli into neuronal activation. To fulfill these requirements, specific subcellular structures and cell physiological processes have developed that in part are shared between photoreceptors, OSNs, and hair cells of the inner ear. Consequently, dysfunction of such common cellular characteristics may lead to syndromic disease affecting multiple senses. Pore CaM
GARP Domain Channel domain
The CNGB1 protein consists of an N-terminal glutamic acid-rich protein (GARP) domain and the channel domain with 2 calmodulin-binding sites (CaM), 6 transmembrane domains (TD1-6), a pore region between TD5 and TD6, and a binding site for the cyclic nucleotide-binding domain (CNBD) that is connected via the C-linker to TD6.
findings of the present study are the impaired olfactory function in patients with CNGB1-associated RP. Nyctalopia, the hallmark symptom of RP, was first noticed among all patients described herein in early childhood. Night blindness, even in the absence of marked structural changes owing to photoreceptor degeneration, would be expected because rod photoreceptor transduction largely depends on functional CNGB1. Although historic and/or long-term observations of the patients were not available, the comparatively late diagnosis, the reasonably well-preserved visual acuities, and the size of the area with spared central retinal structure in patients up to the fifth decade of life suggest a relatively benign disease course compared with many other molecular causes of RP. Overall, the retinal phenotype of the cases reported herein confirms recently reported findings.
27,51 The 4 nullizygous patients in our cohort (patients 3, 7, 8, and 9) seem to have a more severe retinal phenotype compared with other reported patients of similar age with possibly less severe mutations (eg, patient 3 has a comparable disease presentation as patients 2, 4, and 5 but is at least 15 years younger). However, the overall number of cases yet reported is too small to draw definite conclusions with regard to a clear correlation between the type of mutation (complete loss of function or missense mutation) and disease severity in CNGB1-associated RP. 27 Larger patient cohorts and functional characterization of individual mutations would be necessary to explore this further, as well as consideration of individual mutational effects and gene-gene or environmental effects. Of note, the severely reduced visual function in patient 8 likely owes to the additional copathology (glaucoma). In most of our patients, only moderate effects of CNGB1 mutations on olfactory function were detected. This correlates with the observations from Cngb1 knockout mice, which show reduced but incomplete loss of olfactory function in behavioral and electrophysiological testing. 8 A loss of function because of a frameshift mutation in Cngb1 also results in retinal degeneration in a naturally occurring dog model, 51-53 but its olfactory function has not yet been reported. In olfactory CNG channels, a modifying role has been attributed to CNGB1, and the channels retain limited functionality when composed of only the CNGA2 and CNGA4 subunits. In the Cngb1 knockout mouse, formation of olfactory CNG channels lacking the CNGB1 subunit results in complex changes at the cellular level, including altered response kinetics with delayed onset and slow recovery, as well as reduced sensitivity to the second messenger cyclic adenosine monophosphate. The olfactory phenotype of patients with CNGB1 mutations is in line with the observations from the Cngb1 knockout mouse, although the variability seems higher in humans, with an olfactory function ranging from normal in the lower range to anosmia. Such variability may be because of mutation site, more variable genetic backgrounds compared with well-controlled animal experiments, or interspecies differences. Furthermore, variability in CNGB1-associated olfactory dysfunction might also be caused by the complex structure of the CNGB1 gene, which contains exons encoding the channel protein and exons encoding for GARPs, giving rise to several different transcripts. While CNGB1 mutations undoubtedly result in photoreceptor degeneration, the consequences on OSNs are less clear. An apparently stable olfactory dysfunction may result from the ability of OSNs to regenerate, preventing cumulative damage, or from the inability of patients to identify subtle changes in olfactory dysfunction in relatively homogeneous odor landscapes. In this regard, it should be noted that stable olfactory dysfunction was assumed in this study based on self-reported patient history, which may be unreliable. Whether the nonvisible olfactory bulbs in 1 patient (patient 5) indicate hypoplasia or degeneration, both resulting in reduced olfactory function, remains unknown. The MRI scan was performed for an independent indication using settings not ideal for identifying olfactory bulbs. Future investigations may choose a more appropriate, targeted MRI assessment, and longitudinal imaging and olfactory testing may be needed for reliable interpretation.
The syndromic sensory disease observed in our cohort was not detected or reported in previous studies that included patients with CNGB1-associated RP. An explanation might be the preponderance of mild olfactory dysfunction, with most patients not being aware of their condition. Two research groups specifically reported a normal sense of smell, however, solely based on the patient's history. 13, 26 A simple explanation would be that these patients were unaware of their mild olfactory dysfunction. Considering that up to 80% of patients with hyposmia are unaware of their condition, 63 it can be easily overlooked unless patients are specifically asked and formally tested for their olfactory ability. Moreover, we cannot exclude the possibility that more subtle qualities of olfactory function may be affected, such as adaptation, that might depend substantially on individual awareness.
Limitations
In summary, the number of patients is too small to draw definite conclusions on effects of individual mutations, and we cannot determine whether or not olfactory neurons degenerate due to the lack of longitudinal observations.
Conclusions
This c ase series indic ates that mutations in CNGB1 can result in an autosomal recessive RP-olfactory dysfunction syndrome. Olfactory dysfunction may inform on the underlying molecular etiology in patients with RP. In reverse, the identification of this syndromic association may support CNGB1 mutations as truly disease causing in these individuals.
